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We perform the first quantitative study of the sensitivity of Big Bang Nucleosynthesis to variations
in isospin breaking with precise input from lattice QCD calculations. The predicted light nuclear
abundances are most sensitive to the neutron-proton mass splitting as both the initial relative
abundance of neutrons to protons and the n 
 p weak reaction rates are very sensitive to this
quantity. Lattice QCD has been used to determine this mass splitting to greater than 5-sigma,
including contributions from both the down-quark up-quark mass splitting, 2δ = md−mu and from
electromagnetic coupling of the quarks to the photons with a strength governed by the fine structure
constant, αfs. At leading order in isospin breaking, the contribution of δ and αfs to Mn −Mp and
the nuclear reaction rates can be varied independently. We use this knowledge and input from
lattice QCD to quantitatively study variations of the predicted light nuclear abundances as δ and
αfs are varied. The change in the D and
4He abundances individually allow for potentially large
simultaneous variations in δ and αfs while maintaining consistency with the observed abundances,
however the combined comparison restricts variations in these sources of isospin breaking to less
than . 1.25% at the 3-sigma confidence level. This sensitivity can be used to place tight constraints
on prospective beyond the Standard Model theories that would modify these isospin breaking effects
in the primordial Universe.
I. INTRODUCTION
The known baryonic mass of the Universe, which
makes up only ∼ 5% of its energy budget, is composed of
∼ 75% H, ∼ 25% 4He and trace elements of light nuclei.
The synthesis of H and 4He and their relative abundance
was determined in the first few minutes after the Big
Bang in a process referred to as Big Bang Nucleosyn-
thesis (BBN). For a recent review, we refer to Ref. [1].
During this epoch, as the Universe expands, the temper-
ature and density drops such that free nucleons fuse into
mostly 4He and trace amounts of deuterium (D), 3He, 7Li
and other light nuclei. The remaining protons end up as
H. A crucial quantity which impacts the relative abun-
dance of 4He and H during BBN is the isospin splitting
between the mass of the neutron and proton ∆Mn−p.
Lattice QCD (LQCD) is a numerical, non-perturbative
regulator for QCD, the fundamental theory of nuclear
strong interactions, and the only rigorous tool to study
the isospin splitting directly from the parameters of the
Standard Model. Recent computational advances have
allowed LQCD to be used to determine the contributions
to ∆Mn−p from both sources of isospin breaking. At low
energies, the two sources are the splitting between the up
and down quark masses and the strength of the electro-
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magnetic coupling between the quarks and photons.
The success of BBN in describing the observed primor-
dial abundances of light nuclei provides strong evidence
for the hot big bang model of cosmology. In particu-
lar, the observed abundance of 4He is too high to have
been produced in stars alone, but is readily produced
in the BBN reactions, which assume a hot, expanding
Universe. Given the independent determination of the
primordial baryon-to-photon ratio from the WMAP scan
of the cosmic microwave background [2–4], and the mea-
sured light nuclear reaction rates, BBN provides a pa-
rameter free prediction of the primordial abundances of
the light nuclei. The predicted abundances match with
exquisite precision the observed abundances, with the ex-
ception of 7Li, which is known as the 7Li puzzle, see for
example Ref. [5]. Aside from this puzzle, BBN is tested
against observations at the percent level, providing strin-
gent constraints on any theories for physics beyond the
Standard Model.
In this work, we provide the quantitative information
necessary to constrain models which violate isospin sym-
metry. For the first time, we consider the modification to
light nuclear abundances predicted by BBN while simul-
taneously varying both Standard Model sources of isospin
breaking, taking as input recent results from LQCD. In
Sec. II, we provide a brief review of Big Bang Nucleosyn-
thesis. In Sec. III we explore the relation between BBN
and isospin and describe the modified software we use.
We present our results in Sec. IV and then conclude.
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2II. REVIEW OF BIG BANG
NUCLEOSYNTHESIS
Here, we provide a brief review of BBN to set the con-
text for our work. The most recent thorough review of
BBN, which we utilized, can be found in Ref. [1]. Big
Bang Nucleosynthesis describes the production of light
nuclear elements starting from a nuclear statistical equi-
librium of neutrons and protons and lasting for the first
few hundred seconds of the Universe. In Standard Big
Bang Nucleosynthesis (SBBN), it is assumed that the
expanding Universe is flat as well as isotropic and homo-
geneous. The hot expanding Universe is characterized by
the photon temperature where the epoch of BBN starts
from T ∼ 10 MeV and lasts until T ∼ 10 keV when
neutrinos and photons are the only remaining relativistic
species. During this time, the energy density of the Uni-
verse is dominated entirely by relativistic species where
dark matter, dark energy and ordinary baryonic matter
make negligible contributions to the total energy budget.
At temperatures & 2 MeV, relativistic species, which in-
clude e+, e−, photons, neutrinos and anti-neutrinos are
in thermal equilibrium. Neutrons and protons, the non-
relativistic species, are kept in thermal and chemical
equilibrium by the weak interactions
n+ νe 
 p+ e−, (1)
n+ e+ 
 p+ ν¯e. (2)
As a result, their abundances can be calculated from nu-
clear statistical equilibrium and their relative abundance
is given simply by
Xp
Xn
= e(Mn−Mp)/T , (3)
whereXn andXp are the neutron and proton abundances
respectively, Mn and Mp are the corresponding masses
and T is the temperature. As the temperature drops
below ∼ 1.5 MeV, neutrinos start to fall out of equilib-
rium as the expansion rate exceeds the weak interaction
rate. As a result, neutrinos thermally decouple from the
other species and freezeout. However, weak interactions
via Eqs. (1-2) are still fast enough such that neutrons
and protons remain in chemical equilibrium and hence
Eq. (3) remains valid. As the temperature drops further
to T ∼ 0.9 MeV (∼ 1s after the big bang), the forward
reaction rates become dominant and the chemical equi-
librium between neutrons and protons is no longer main-
tained. The chemical equilibrium is now maintained by
n+ p
 D + γ . (4)
Using the fact that n, p, and D are in chemical equilib-
rium i.e., µd = µn +µp, where µX is the chemical poten-
tial of species X, the equilibrium abundance of D can be
expressed in terms of Xn, Xp, and the baryon-to-photon
ratio η by the relation
XD = 5.66× 10−4η
(
T
MeV
)3/2
exp
(
BD
T
)
XnXp , (5)
where the deuterium binding energy is
BD ' 2.224 MeV . (6)
The prefactor of 5.66 comes from the relation
24√
pi
ζ(2)
gdgγ
gpgn
( mp
MeV
)−3/2
' 5.66 ,
where gi is the number of internal degrees of freedom of
particle i: gp = gn = gγ = 2 and gd = 3. The proton
mass is mp = 938.27 MeV and ζ(2) ≈ 1.202. Although
the rate for Eq. (4) is much faster than the expansion
rate, the equilibrium abundance of D is very low as there
are many photons with energy higher than Bd. As a re-
sult, the rate of production of heavier isotopes from D,
which depend on the D abundance, are extremely low.
Hence, all isotopes heavier than D are chemically decou-
pled and the only species which are in chemical equilib-
rium are neutrons, protons and D.
This delay in the production of heavier isotope is called
the deuterium bottleneck. As the temperature drops be-
low ∼ 0.08 MeV (∼ 200 s), the number of photons with
energy & 2.224 MeV relative to the D abundance be-
comes less than unity. This allows the equilibrium D
abundance to become high enough for heavier isotopes
to form and marks the end of the deuterium bottleneck.
Although, the duration of the of this bottleneck is much
shorter than the neutron decay time, the weak interac-
tions convert much of neutrons into protons through the
reactions Eq. (1) and Eq. (2) during the first ∼ 30 s fol-
lowed by the usual neutron beta decay
n→ p+ e− + ν¯e , (7)
until the end of the deuterium bottleneck. Since the bind-
ing energy of 4He, B4He = 28.3 MeV, is much higher than
any neighboring isotopes, which have binding energies
. 8 MeV, it is by far the most abundant isotope popu-
lated as the system tries to achieve chemical equilibrium.
As as a result, the majority of free neutrons available at
this time combine with protons to form 4He by ∼ 400 s
while other nuclei such as D, 3H, 3He, 6Li, and 7Li make
up . 10−4 of the total mass fraction of the baryonic mat-
ter of the Universe. The remaining free protons, which
constitute ∼ 75% by mass fraction, end up as 1H. The
abundance of lighter elements continues to evolve up to
∼ 300 minutes after the Big Bang, at which point the
temperature T . 10 KeV, becomes too low for fusion
reactions to occur. The detailed nucleosynthesis involves
a complex chain of reactions in which the isotopes are
out of equilibrium but can be calculated precisely with
a nuclear reaction network. These processes were first
worked out in Refs. [6–8]. We utilize a code based on
that developed by Kawano [9–11], which serves as the
basis for many modern BBN codes.
III. BBN AND ISOSPIN
There have been a number of articles considering the
3sensitivity of BBN to variations in the fundamental pa-
rameters of the Standard Model, including the elec-
tromagnetic fine structure constant [12–16], the quark
masses [16–32], and recently, a more general considera-
tion of the naturalness of the weak scale in a multiverse
context [33]. Our understanding of the quark mass de-
pendence of seemingly finely tuned energy levels has been
extended to the Hoyle State [34] and the sensitivity of the
production of 12C to variations in the average light quark
mass [35].
The recent studies involving the quark mass variation
have considered the sensitivity of BBN to varying the av-
erage light quark mass mˆ = 12 (mu+md) with input from
lattice QCD [30–32, 35]. Previous works that considered
sensitivity to the fine structure constant relied upon an
old estimate of the electromagnetic self-energy contribu-
tion to Mn − Mp. If electromagnetic effects were the
only contribution to the nucleon mass splitting, the pro-
ton would be heavier than the neutron, the opposite of
what is observed in nature. The second source of isospin
breaking is therefore at least as important as that from
QED but it has previously not been considered in studies
of BBN sensitivity to parameters of the SM.
The two sources of isospin breaking within the SM rel-
evant to BBN are the electromagnetic fine structure con-
stant, αfs, and the splitting between the down and up
quark masses,
δ =
1
2
(md −mu) . (8)
As the quark masses are generated by their interaction
with the Higgs field, we are really considering the vari-
ation of the dimensionless up and down quark Yukawa
couplings to the Higgs field while holding the Higgs vac-
uum expectation value fixed with respect to the scale of
strong interactions, ΛQCD. Further, we are considering
variations of δ while holding fixed the average value of
the light quark mass mˆ, or rather, the average value of
the Yukawa couplings.
In this work, we restrict our attention to the produc-
tion of D and 4He in BBN to constrain the possible vari-
ations of δ and αfs. The dominant sensitivity of BBN to
isospin arises from changes in the initial abundances of
protons and neutrons via Eq. (3), through variations in
the neutron-proton mass splitting
∆Mn−p = Mn −Mp , (9)
and through modifications of the weak n 
 p rates, de-
scribed in more detail in Sec. III A. These reactions can
be parameterized as depending upon the nucleon mass
splitting, Eq. (9) as well as sub-dominant radiative elec-
tromagnetic corrections which are sensitive to αfs at the
sub-percent level, see Refs. [36–39]. The final abundances
of H and 4He are set almost entirely from these two ef-
fects.
The binding energy of D plays an important role since
it determines the duration of the deuterium bottleneck
during which neutrons are converted into protons. Con-
sequently, it directly impacts the abundance of H and
4He with a higher value of BD resulting in higher
4He
and lower H and vice-versa. However, to leading order
in isospin breaking, we do not have to consider modifi-
cations of BD due to isospin violation as the deuteron is
an isoscalar particle, and therefore modifications to the
binding energy would begin at second order in isospin
breaking. The abundance of D is very sensitive to
∆Mn−p and the n  p rates as these impact the abun-
dance of free neutrons to form D. In addition, D abun-
dance is sensitive to αfs via the Coulomb repulsion in
charged light particle fusion reactions involving D and
indirectly via np  Dγ rates which depend on the elec-
tromagnetic coupling. Similarly, the production of 3He
and tritium, 3H, are also sensitive to αfs. In principle,
we should consider the relative modification to the bind-
ing energies of 3He and 3H as they form and isodoublet.
However, whichever nucleus is heavier will decay to the
other in a lifetime sensitive to the mass splitting between
them. As both 3He and 3H are pathways to the forma-
tion of 4He, we do not try and estimate the modification
to the binding energies of these A = 3 nuclei, as the fi-
nal abundance of 4He is not sensitive to these variations.
Instead, we convert all A = 3 nuclei to 3He after BBN
stops as a proxy for the stable nucleus.
A. n p rates
At zero temperature, the free neutron decay rate (in-
verse lifetime) is given by
Γn→p =
(GF cos θC)
2
2pi3
m5e
g2V + 3g
2
A
4
f
(
∆Mn−p
me
)
, (10)
where GF is the weak Fermi-constant, θC is the weak
Cabibbo angle, me is the electron mass, gV = 1 is the
nucleon vector coupling and gA = 1.2723 is the nucleon
axial vector coupling. The quantity 14 (g
2
V +3g
2
A)f(z) rep-
resents an integral over the phase space of the decay and
depends only upon the nucleon isovector mass normal-
ized by the electron mass. If the nucleons were point
particles, the phase space integral could be determined
analytically, as for example in Ref. [40],
fpt(z) =
1
15
(2z4 − 9z2 − 8)
√
z2 − 1
+ z ln
(
z +
√
z2 − 1
)
. (11)
Using this point expression, the neutron lifetime is cal-
culated to be τptn ' 946 s, which is in the right ball-
park of the experimentally measured lifetime, τPDGn =
880.2± 1.0 s [41–48]. An accurate theoretical determina-
tion of 14 (g
2
V +3g
2
A)f(z) is not yet possible as this depends
upon detailed structure of the nucleon, which is generated
by QCD. Only very recently has LQCD been successfully
used to compute the nucleon axial coupling gA directly
4from QCD [49]. In the next few years, a full calculation of
the neutron decay amplitude should be possible directly
with LQCD.
In the standard BBN codes, these integrals are per-
formed using this point approximation, including ra-
diative QED corrections and finite temperature modi-
fications, and absolutely normalized to reproduce the
measured neutron lifetime at zero temperature. Using
the formula with radiative QED corrections (τpt,QEDn '
944.1 s), this leads to an overall normalization for the
lifetime and n p reactions of 880.2/944.1.
While we are unable to determine the decay ampli-
tude directly, we can make the following reasonable as-
sumption: as we vary the isospin breaking corrections
and hence ∆Mn−p, the relative change in the point ap-
proximation, Eq. (11) provides a good estimate for the
change full decay probability. This assumption relies on
the shape of the integrand, which is dictated by the inter-
nal nucleon structure arising from QCD being insensitive
to isospin breaking. The modified decay rate at zero tem-
perature is then given by
Γn→p(δ, αf.s.) =
1
τPDGn
fpt
(
∆Mn−p(δ, αf.s.)
)
fpt
(
∆Mn−p(δphys, α
phys
f.s. )
) ,
(12)
and similarly for the other n  p reactions at zero and
finite temperature. We emphasize that a similar assump-
tion is made to compute the various n p reaction rates
at finite temperature (with the physical values of δphys
and αphysf.s. ) in the standard BBN computations. This lim-
itation arises from our current inability to directly com-
pute these rates, or the required nucleon structure with
sufficient precision, directly from QCD.
B. The neutron-proton mass splitting
The dominant sensitivity of BBN to isospin breaking
arises from dependence upon the neutron proton mass
splitting, which is known very precisely [50–52]
∆MPDGn−p ≡Mn −Mp = 1.29333217(42) MeV . (13)
At LO in isospin breaking, we can separate this isovector
mass splitting into two contributions
∆Mn−p = ∆M
γ
n−p + ∆M
δ
n−p + · · · , (14)
which arise from QED, ∆Mγn−p and QCD, ∆M
δ
n−p re-
spectively.1 Both the electromagnetic and strong contri-
butions scale linearly in the corresponding isospin break-
ing parameters, ∆Mγn−p ∝ αfs and ∆Mδn−p ∝ δ. Beyond
1 There is also a contribution from Z boson couplings but it is
significantly smaller than we will be concerned with.
LO, · · · , these contributions receive small quadratic cor-
rections and also become entangled as the quark mass op-
erators are needed to renormalize ultraviolet divergences
in the QED self-energy [53, 54]
Understanding the neutron-proton mass splitting from
first principles has been an intriguing topic for many
decades, see for example Ref. [55]. Before we knew of
quarks and gluons, it was proposed that the magnetic
structure of the nucleon could give rise to the excess
mass of the neutron over the proton [56]. This idea was
later fully developed using dispersion theory [57] and is
now know as the Cottingham formula [58]: For a general
hadron, the EM self-energy can be determined through
its forward Compton scattering amplitude by use of dis-
persion relations. For isospin 0 and 1 mass combinations,
such as the neutron-proton mass splitting, one must use
a subtracted dispersion integral, as the Compton am-
plitude otherwise leads to a non-vanishing contribution
on the infinite arc in the Cauchy Integral [59, 60]. The
need for a subtraction leads to an unfortunately large
uncertainty [53, 61–63] with the original estimate [53] of
∆Mγn−p = −0.76 ± 0.30 MeV and an updated determi-
nation [61] with modern knowledge of the structure of
the nucleon resulting in ∆Mγn−p = −1.30 ± 0.47 MeV.2
Previous studies of the sensitivity of BBN to variations
in αfs relied upon this old determination of ∆M
γ
n−p.
Lattice QCD provides a rigorous means of determining
both the QCD and QED contributions to ∆Mn−p. In-
cluding QED effects in LQCD calculations introduces a
new IR (infrared) systematic which must be controlled.
This new IR systematic is induced by compressing the
photons to fit in the small periodic boxes typically used
in calculations, with sizes ∼ 2 − 4 fm per side. The cal-
culations of ∆Mγn−p are mostly still preliminary [65, 66]
with only two calculations performed which have ad-
dressed all the systematics [67, 68] and only the latter
one, controlling them [68]. The first calculation deter-
mined ∆Mγn−p[65] = −0.38 ± 0.07 MeV (statistical un-
certainty only), while the calculations addressing all sys-
tematics found ∆Mγn−p[67] = −1.59 ± 0.46 MeV and
∆Mγn−p[68] = −1.00± 0.16 MeV respectively. There are
a number of new ideas introduced recently to improve
the inclusion of QED with LQCD calculations [69–71] in-
cluding the use of a finite photon mass [71]. While these
ideas are very promising, they have not yet been used
yet to make final predictions of the QED contribution to
∆Mγn−p.
2 Ref. [64] criticized Ref. [61] and suggested the original estimate of
Ref. [53] stands, but did not provide an updated value or uncer-
tainty. However, the central value of Ref. [53] is in striking dis-
agreement with ∆MPDGn−p −∆Mδn−p as determined from LQCD:
∆MPDGn−p − ∆Mγn−p[53] = 2.05 MeV versus ∆Mδn−p[LQCD] =
2.39(12) MeV. Ref. [53] is also inconsistent with the LQCD val-
ues of ∆Mγn−p. Both of these LQCD results are discussed below.
Therefore, either there are beyond the Standard Model contri-
butions to ∆Mn−p or the result of Ref. [53] is incorrect.
5Alternatively, we can determine the electromagnetic
self-energy contribution by comparing the experimen-
tal splitting with the LQCD determination of the QCD
contribution, ∆Mδn−p while assuming there are no be-
yond the Standard Model contributions to the neutron-
proton mass splitting. In contrast to the QED calcu-
lations, there are a number of LQCD calculations of
the down-quark up-quark mass splitting contribution to
∆M δn−p [65, 67, 68, 72–78]. In Fig. 1, we show most of
the LQCD calculations of ∆M δn−p, along with a weighted
average, as described below. There is an additional lat-
tice QCD calculation of ∆Mn−p including both strong
isospin breaking and QED corrections [66], but the sep-
aration into the QED and QCD parts was performed in
a different scheme, the Dashen scheme, so a direct com-
parison is not possible without a conversion. We use a
FLAG-inspired color scheme [79] for the various results,
where a red square indicates at least one systematic has
not been fully addressed, such as a continuum limit. A
solid green star indicates all systematics are controlled
while an open green circle indicates the systematics are
somewhere between these two options. There are only
two results with fully controlled systematics [67, 68], so
we choose to include the others in a weighted average,
similar to that in Ref. [80]. We chose to weight each re-
sult with wi = yi/σ
2
i where σi is the total uncertainty
added in quadrature from the ith result and yi = 3 for
the green star results, yi = 2 for the open green circle
results and yi = 1 for the red square results. This results
in
∆Mδn−p = 2.39(12) MeV , (15)
also depicted in Fig. 1 as the central gray band. This
weighting procedure is sampled 104 times to produce the
weighted distribution shown at the bottom of the figure.
As mentioned above, this also allows us to estimate the
QED contribution using the experimental value
∆Mγn−p = ∆M
PDG
n−p −∆Mδn−p = −1.10(12) MeV , (16)
in very good agreement with the direct determination of
Ref. [68].
With these two corrections determined directly and in-
directly from LQCD, we can parameterize the variation
of ∆Mn−p in terms of the fundamental isospin breaking
parameters through the relations
∆M δn−p = 2.39
δ
δphys
MeV , (17)
∆Mγn−p = −1.10
αf.s.
αphysf.s.
MeV . (18)
This allows us to precisely and accurately track our first
principles understanding of ∆Mn−p from LQCD through
the BBN reactions. Specifically, we explore the effect
of variation of δ and αfs from the currently measured
values at the time of BBN such that production of light
elements is still consistent with the currently measured
values. We restrict our attention to the abundances D
and 4He in order to constrain δ and αfs.
1.5 2.0 2.5 3.0 3.5 4.0 4.5
δM δn−p [MeV]
2.26(71) [hep-lat/0605014]
2.51(52) [1006.1311]
3.13(57) [1206.3156]
2.90(63) [1303.4896]
2.28(26) [1306.2287]
2.52(29) [1406.4088]
2.32(17) [1612.07733]
2.39(12) weighted average
FIG. 1. Average of lattice QCD calculations of ∆Mδn−p as
described in the text.
C. BBN Software
The detailed nucleosynthesis was followed using a pub-
licly available BBN code (see [81]). The code includes
a reaction network of 26 isotopes from 1H to 16O and
91 reactions connecting the various isotopes. The code
was updated to include latest reactions rates and isotope
masses. We incorporate the zero-temperature radiative
QED corrections to the np  Dγ rates as prescribed
in Refs. [36–39]. Other corrections to the n 
 p rate
due to finite nucleon mass, finite temperature radiative
and QED corrections, as well as corrections due to in-
complete neutrino decoupling was not included. These
effects are discussed in [37] and amount to ∼ 0.72% in-
crease in the final 4He abundance with a corresponding
downward change in H. The final 4He and H abundance
was adjusted accordingly where the dependence of these
corrections on ∆Mn−p was neglected. The value of the
effective weak interaction matrix element, which normal-
izes the n 
 p rates, was calculated such that for zero
temperature the neutron life time reduced to the current
recommended measured value of 880.2 s [41] when the
currently measured value in Eq. (13) was used.
To facilitate a user friendly method of running these
calculations, we additionally adopted the Fortran code
with a simple Python interface. The code was modified
with string placeholders for values we wished to modify.
For a given pair of αfs and δ values, we computed the
resulting value of ∆Mn−p using Eqs. (17) and (18), and
then replaced the values of ∆Mn−p and αfs in the code,
compiled on the fly, ran the BBN calculation, and then
collected the output in an HDF5 file using the PyTa-
bles interface. In order to diagnose and determine the
dominant contributions to the change in various mass
fractions, we allowed for an independent variation of the
value of αfs that entered the weak and thermal reaction
rates. Our modified code and Python interface is made
available to interested parties with this article.
60.96 0.97 0.98 0.99 1.00 1.01 1.02 1.03 1.04
δ/δphys
0.96
0.97
0.98
0.99
1.00
1.01
1.02
1.03
1.04
α
/α
p
h
y
s
|∆Yp|/σYp
Mn −Mp = 1.29333 0
1
2
3
4
5
FIG. 2. Contour plot of the n-sigma change in the 4He mass
fraction as a function of αfs/α
phys
fs and δ/δ
phys measured with
respect to the observed uncertainty in Yp, σYp . The dashed
line is the line of constant ∆Mn−p = ∆M
phys
n−p .
IV. RESULTS
Using the software described above, we ran the SBBN
code for independent variations of αfs and δ to de-
termine the resulting primordial abundances of H, D,
and 4He. The standard BBN parameters of 3 genera-
tion of neutrino species with zero chemical potential was
used. The value of baryon-to-photon ratio η was taken
to be η = (6.05 ± 0.07) × 10−10 [41] which is consis-
tent with the latest Planck measurements of the Cos-
mic Microwave Background [82]. Our modified code was
calibrated by comparing the computed primordial abun-
dances with their recent best estimates [83, 84] for the
values of αfs = α
phys
fs and δ = δ
phys.
In Fig. 2, we plot the quantity
zHe =
|∆Yp|
σYp
=
|Yp(αfs, δ)− Yp(αphysfs , δphys)|
σobs.Yp
where Yp(αfs, δ) is the computed
4He mass fraction as a
function of αfs and δ and σ
obs.
Yp
is the best estimate for
the observed uncertainty of the primordial 4He mass frac-
tion [83, 84]. Each contour represents an n-sigma change
in the mass fraction as compared to the mass fraction
computed at αfs = α
phys
fs and δ = δ
phys, normalized by
σobs.Yp . To guide the eye, we also plot the line of constant
∆Mn−p = ∆M
phys
n−p , which is nearly parallel with the line
of constant zHe.
In Fig. 3, we similarly plot the computed change in the
deuterium abundance normalized with the best estimate
of the observed uncertainty, σD/H,
zD =
|∆D/H|
σD/H
=
|D/H(αfs, δ)−D/H(αphysfs , δphys)|
σD/H
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FIG. 3. Same as Fig. 2 for the n-sigma change in the D
number fraction normalized with respect to H.
We see clearly that both αfs and δ can potentially be
varied by & 10% from their currently measured values
without affecting the abundances of 4He and D individu-
ally, provided the changes are correlated to lie along lines
of constant z for each isotope. As is clear from these fig-
ures, the slopes of these lines are not parallel, and so a
combined analysis will yield a constraint on the allowed
variation of αfs and δ.
In Fig. 4, we plot the n-sigma variation of zX
z2X =
(∆Yp)
2
(σYp)
2
+
(∆D/H)2
(σD/H)2
.
At the 3-sigma level, the combined analysis constrains
the variation of αfs and δ to be . ±0.8% if they are
varied independently. If αfs and δ are varied together in
a correlated manner, they variations are constrained to
be . ±1.25%.
Finally, we rule out the possibility that primordial vari-
ations in αfs and δ could resolve the
7Li puzzle. In Fig. 5,
we plot the predicted number fraction of 7Li.3 In order
to reduce 7Li/H to the upper limit of the measured value
of (1.6 ± 0.3) × 10−10 [85], the values of αfs and δ lie
in a region of greater than 5-sigma discrepancy from the
combined D and 4He constraints.
As a final academic exercise, we plot the absolute 4He
mass fraction as a function of αfs and δ in Fig. 6. As
noted above, the 4He mass fraction tracks very closely
the nucleon mass splitting, ∆Mn−p. Very small changes
in either of the fundamental isospin breaking parameters
would lead to a substantial change in Yp. In one extreme,
∆Mn−p > ∆MPDGn−p , there would be very little primordial
3 The lifetime of 7Be is longer than the time scale of BBN, so
all final 7Be is converted to 7Li to determine the predicted 7Li
abundance.
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FIG. 5. Contour plot of the predicted 7Li/H number fraction
as a function of αfs and δ.
4He as the neutrons would all decay before they could be
captured in D and ultimately 4He. In the other extreme,
∆Mn−p < ∆MPDGn−p , the neutron lifetime would become
significantly longer than the time-scale for BBN, and thus
a large fraction of the neutrons would become captured
in D and then 4He, producing a H depleted Universe.
V. CONCLUSIONS
In the work described in this article, we use results
from state of the art lattice QCD calculations to provide,
for the first time, a rigorous and quantitative connec-
tion between Big Bang Nucleosynthesis and the funda-
mental parameters of the Standard Model which control
isospin breaking: the electromagnetic coupling, αfs and
the splitting between the down and up quark masses,
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FIG. 6. Contour plot of the absolute 4He mass fraction as a
function of αfs and δ.
δ = 12 (md − mu). These results may help constrain
prospective theories for physics beyond the Standard
Model, particularly those which couple to isospin viola-
tion. For example, theories of dark matter which couple
differently to the proton and neutron [86].
The 4He mass fraction tracks almost perfectly the nu-
cleon mass splitting: simultaneous variations in αfs and
δ which leave Mn −Mp = ∆MPDGn−p , result in unobserv-
ably small changes to the primordial abundance of 4He.
In contrast, the abundance of D is also sensitive to the
modified fusion rates which are sensitive to αfs and not
very sensitive to δ. Therefore, a combined analysis of
the modification to 4He and D produces very tight con-
straints on the allowed variation of αfs and δ while main-
taining consistency with the observed abundances of D
and 4He. At the 3-sigma level, these variations are re-
stricted to be . 0.8%. However, a simultaneous vari-
ation of both isospin breaking parameters relaxes this
constraint to . 1.25%, provided the variations are cor-
related. We also verified that primordial variations in
αfs and δ from their values today, within the region con-
strained by 4He and D, are not capable of resolving the
7Li puzzle.
We are now in a new era in which lattice QCD applied
to problems in nuclear physics can have a quantitative
impact on both our understanding of nuclear physics as
well as the search for new physics from beyond the Stan-
dard Model. For example, prior work has determined the
nature [87] and temperature [88, 89], T ∼ 150 MeV, of
the QCD phase transition at which point the quarks and
gluons hadronize to form protons and neutrons. This
work represents a quantitative connection between the
quarks and the cosmos during the epoch of nucleosyn-
thesis, when the Universe had expanded and cooled to a
temperatures of 10 & T & 0.01 MeV. These are but a
few examples in a growing set of applications of lattice
QCD to nuclear physics.
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